ABSTRACT. Whitefly biotypes B and Q are the two most damaging members of the Bemisia tabaci (Hemiptera: Aleyrodidae) species complex. Control of B. tabaci (and especially of Q) has been impaired by resistance to commonly used insecticides. To find new insecticides for B. tabaci management in China, we investigated the sensitivity of eggs, larvae, and adults of laboratory strains of B and Q (named Lab-B and Lab-Q) and field strains of Q to several insecticides. For eggs, larvae, and adults of B. tabaci and for six insecticides (cyantraniliprole, chlorantraniliprole, pyriproxyfen, buprofezin, acetamiprid, and thiamethoxam), LC 50 values were higher for Lab-Q than for Lab-B; avermectin LC 50 values, however, were low for adults of both Lab-Q and Lab-B. Based on the laboratory results, insecticides were selected to test against eggs, larvae, and adults of four field strains of B. tabaci Q. Although the field strains differed in their sensitivity to the insecticides, the eggs and larvae of all strains were highly sensitive to cyantraniliprole, and the adults of all strains were highly sensitive to avermectin. The eggs, larvae, and adults of B. tabaci Q were generally more resistant than those of B. tabaci B to the tested insecticides. B. tabaci Q eggs and larvae were sensitive to cyantraniliprole and pyriproxyfen, whereas B. tabaci Q adults were sensitive to avermectin. Field trials should be conducted with cyantraniliprole, pyriproxyfen, and avermectin for control of B. tabaci Q and B in China.
The sweet potato whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is a destructive pest of many field and protected crops worldwide. B. tabaci is regarded as a species complex composed of at least 34 morphologically indistinguishable species, differing in host range, feeding behavior, virus transmission, insecticide resistance, or the symbionts that they harbor (Brown et al. 1995 , Perring 2001 ). Among them, B. tabaci B (also known as "Middle East-Asia Minor 1 species") and Q (also known as "Mediterranean species") are the most invasive . During the last two decades, B. tabaci B, which originated in the Middle East-Asia Minor, has spread to at least 54 countries. More recently, B. tabaci Q, which originated in the Mediterranean region, has spread to at least 10 countries where it has caused severe crop damage. B. tabaci was first detected in China in the late 1940s (Zhou 1949) , but it was not considered a significant pest until the introduction of B. tabaci B in the 1990s (Luo et al. 2002) . After its introduction, B. tabaci B rapidly invaded the entire country and caused serious yield losses in many crops. The first detection of B. tabaci Q in China was in Yunnan Province in 2003 , Chu et al. 2006 , and Q was subsequently found in Beijing, Henan, and Shandong provinces (Chu et al. 2006 (Chu et al. , 2010a . During the past several years, Q has gradually displaced B and become the dominant form of B. tabaci in field agricultural systems in most parts of China (Teng et al. 2010; Pan et al. 2010 Pan et al. , 2011 . Research has also demonstrated that Q is significantly more resistant than B to many insecticides (Horowitz et al. 2005 , Luo et al. 2010 , which may be an important reason for the replacement of B by Q in China (Sun et al. 2013) .
In many cropping systems, control of B. tabaci depends on insecticides including organophosphates (OPs), carbamates, pyrethroids, insect growth regulator (IGRs), and neonicotinoids. Because of excessive insecticide application, however, B. tabaci has developed high resistance to commonly used insecticides and especially to neonicotinoids (Nauen and Denholm 2005 , Roditakis et al. 2005 , Erdogana et al. 2008 , Ahmad et al. 2010 , Houndété et al. 2010 , Luo et al. 2010 , Vassiliou et al. 2011 , Kontsedalov et al. 2012 ). Relative to sensitive strains, strains collected in Israel showed up to1,000-fold resistance to thamithoxam (Kontsedalov et al. 2012) , and those collected in Turkey and Crete showed 20-to 310-fold resistance to OPs, 30-to 600-fold resistance to a-cypermethrin, and 38-to 1,958-fold resistance to imidacloprid (Erdogana et al. 2008 , Roditakis et al. 2009 ). In China, B. tabaci resistance to neonicotinoids is a serious problem. Adult B. tabaci collected from southeastern China exhibited 28-to 1,900-fold resistance to imidacloprid and 29-to 1,200-fold resistance to thiamethoxam . Most research on resistance of B. tabaci to neonicotinoids has focused on adults rather than on eggs and larvae.
Because B. tabaci Q is the dominant whitefly species in vegetablefield ecosystems in China and is highly resistant to many insecticides, we first investigated whether the susceptibility to seven relatively new insecticides differed among eggs, larvae, and adults of one laboratory strain of Q and one of B (Lab-Q and Lab-B). On the basis of the results obtained with the laboratory strains, we selected the most effective insecticides to test against eggs, larvae, and adults of four field strains of Q.
Materials and Methods
Insecticides. The following seven commercially available insecticides were used in the bioassays: cyantraniliprole 200 g/liter SC (Cyazypyr, DuPont Crop Protection), chlorantraniliprole 200 g/liter SC (Coragen), avermectin 18 g/liter EC (Dynameca), pyriproxyfen 100 g/ liter EC (Knack), buprofezin 250 g/liter WP (Applaud), acetamiprid 50 g/liter EC (Gazelle), and thiamethoxam 250 g/liter WG (Actara, Syngenta Crop Protection Company, Switzerland). Except as indicated for Cyazypyr and Actara, these insecticides were obtained from the Ministry of Agriculture Pesticide Testing Institute, China. Based on different developmental stage samples and the accuracy of LC50 calculation, respectively, for egg, larva, or adult, the highest working dilutions of each insecticide used for several dilutions were 1.28, 0.08, and 100 mg/liter (cyantraniliprole); 250, 6.4, and 8,970 mg/liter (chlorantraniliprole) ; 80, 50, and 0.5 mg/liter (avermectin); 2.5, 6.25, and 12,800 mg/liter (pyriproxyfen); 25,600, 25, and 8,000 mg/liter (buprofezin); 36, 40, and 400 mg/liter (acetamiprid); and 1,600, 31.2, and 400 mg/liter (thiamethoxam).
Plants. The nontransgenic cotton variety [Gossypium herbaceum (L.), cv. Zhongmian 49] was used for bioassays and for the rearing of whitefly strains. For rearing whiteflies, Zhongmian 49 seeds were planted in a potting mix (a mixture of peat moss, vermiculite, organic fertilizer, and perlite at 10:10:10:1 by volume) and grown in whiteflyproof cages under natural light in an isolated greenhouse.
Laboratory Strains of B. tabaci. Specimens of B. tabaci B were collected on cabbage (Brassica oleracea cv. Jingfeng 1) in Beijing, China, in 2000 as described by Feng et al. (2009 Feng et al. ( , 2010 . Specimens of B. tabaci Q were collected on poinsettia (Euphorbia pulcherrima Wild. [ex Klotz.] ) in Beijing, China, in 2009. Before they were used in bioassays, the B and Q strains were maintained for at least six generations on cotton plants (cv. Zhongmian 49), which were grown under the same conditions as described earlier and without exposure to any chemical insecticides. The two new cotton strains were designated as Lab-B and Lab-Q.
Field Strains of B. tabaci. B. tabaci specimens were collected in 2012 from three host plants (eggplant, melon, and pepper) in four localities: Beijing, Shandong, Hunan, and Hubei. The specimens from each of the four localities were considered to represent one population or strain (Table 1) . Adult whiteflies were collected in glass tubes and then brought to the laboratory in a large plastic vials. Some of the collected specimens were directly used for adult bioassays (as described later), and others were permitted to lay eggs. Some of the eggs were used for egg bioassays (as described later), and others were permitted to develop into larvae and were used for larval assays (as described later). Adult bioassays were conducted within 2-3 h after field collection (Roditakis et al. 2005 , Basit et al. 2013a . After adults were collected, disabled and dead individuals at the bottom of vials were discarded. The biotype or cryptic species designation of the four whitefly strains was determined based on the specific mitochondrial cytochrome oxidase I primers (Shatters et al. 2009 ) using 30 individuals in one sample for each strain.
Egg Bioassay. The susceptibility of eggs to insecticides was measured as described by Li et al. (2012) . When cotton seedlings grew to the first true-leaf stage (11 cm in height and 2 cm in diameter), the true leaf of each seedling was infested with 10 pairs of whitefly adults. After 24 h, the adults were removed, and the eggs were counted. Then, each leaf was inserted into a 20-ml glass scintillation vial containing water (control) or an insecticide for 20 s. After the leaves had dried in the air, the seedlings were kept in an incubator at 28 C and with a photoperiod of 16:8 (L:D) h. About 7 d later, the number of first instars on each seedling was counted and recorded. The mortality of eggs on each seedling was calculated by the formula: egg mortality ¼ (the total number of eggs À the numbers of first instars)/the total number of eggs corresponding to each leaf. Each diluting concentration of each insecticide (and the control) had 3-4 replicate leaves, and each replicate had at least 40 eggs.
Larva Bioassay. The susceptibility of larvae to insecticides was measured as described by Li et al. (2012) ; in this bioassay, insecticide activity depended on uptake of the insecticide by the petiole of a detached leaf and its subsequent movement into the leaf blade. Briefly, leaves were infested with whiteflies as described for the egg bioassay. When the eggs developed to late second-stage instars, the second-stage instars were counted. The leaf of the cotton seedling with attached second-stage instars was detached from the seedling and inserted into a 20-ml glass scintillation vial containing water (control) or an insecticide (the leaf petiole was inserted into the water/insecticide but the leaf blade was not); the tubes containing the leaves and larvae were kept at 28 C with a photoperiod of 16:8 (L:D) h. After 6 d, the fourth-stage instars on each leaf were counted. Mortality was calculated as follows: larval mortality ¼ (the number of late second-stage instars À the number of fourth-stage instars)/ the number of late second-stage instars corresponding to each leaf. Each diluting concentration of each insecticide (and the control) had 3-4 replicate leaves, and each replicate had at least 40 larva.
Adult Bioassay. The susceptibility of adults to insecticides was measured using the method of Feng et al. (2009 Feng et al. ( , 2010 and Xie et al. (2011) . Briefly, leaf discs (22 mm in diameter) from cotton plants were dipped in the insecticide solutions (or distilled water controls) for 10 s. After drying, the leaf discs were placed with their adaxial surface downward on agar in a flat-bottomed glass tube. About 20 unsexed adults were then added to each tube. Mortality was recorded after 48 h at 28 C and with a photoperiod of 16:8 (L:D) h. Each diluting concentration of each insecticide (and the control) had 3-4 replicate tubes, and each replicate had at least 15 adults.
Statistical Analysis. Bioassay data, including LC 50 values and their 95% confidence limits, were calculated from Probit regressions using the log-concentration-response probit analysis program (Chi 1997) . Mortality was corrected using Abbott's formula for each probit analysis (Abbott 1925) . LC 50 values of insecticides were considered significantly different (P < 0.05) if their 95% confidential limits did not overlap.
Results
Sensitivity of Eggs, Larvae, and Adults of Two Laboratory Strains to Seven Insecticides. Bioassay results showed that insecticide toxicity depended on the insecticide, the B. tabaci developmental stage, and B. tabaci strain (Lab-B or Lab-Q). Except in the case of adults exposed to avermectin, the LC 50 values were significantly higher (as indicated by nonoverlapping 95% fiducial limits) for the Lab-Q strain than for the Lab-B strain (Table 2 ). This was especially evident for eggs exposed to cyantraniliprole and pyriproxyfen; the cyantraniliprole LC 50 values were 210-fold higher for Lab-Q than for Lab-B, and the pyriproxyfen LC 50 values were 77-fold higher for Lab-Q than for Lab-B. In the case of adults and avermectin, however, LC 50 values were low for both Lab-Q and Lab-B. The DMS index was used to indicate the relative sensitivity of each whitefly stage to each insecticide: DMS ¼ the LC 50 of a developmental stage/the LC 50 of the most sensitive stage; a smaller value for the DMS index indicates a greater relative sensitivity. According to the DMS index (Table 2 ) and insecticide dose-mortality probit curves (Fig. 1) , regardless of strain, the egg was the most sensitive to pyriproxyfen and acetamiprid; the larva was the most sensitive to chlorantraniliprole, buprofezin, and thiamethoxam; and the adult was the most sensitive to avermectin. Overall, cyantraniliprole was the most toxic of the seven insecticides to Lab-B eggs and Lab-Q larvae, and avermectin was toxic to both Lab-B and Lab-Q adults (Table 2 ; Fig. 1) .
Sensitivity of Eggs, Larvae, and Adults of Four Field Strains to Selected Insecticides. The four field strains were determined to be B. tabaci Q (Table 1) . On the basis of the DMS indices for the seven insecticides and three developmental stages, we selected the insecticides that were most effective against each stage to use in bioassays with the four field strains. Three insecticides (cyantraniliprole, pyriproxyfen, and acetamiprid) were used for eggs, five insecticides (cyantraniliprole, chlorantraniliprole, buprofezin, pyriproxyfen, and thiamethoxam) were used for larvae, and two insecticides (avermectin and acetamiprid) were used for adults.
Eggs. Cyantraniliprole and pyriproxyfen were more toxic than acetamiprid to eggs (Table 3 ; Fig. 2 ). For all three insecticides, the LC 50 (Table 3) .
Larvae. Cyantraniliprole was highly toxic to the larvae of the four field strains, i.e., all LC 50 values were <0.1 mg/liter (Table 4 ; Fig. 3 ). Sensitivity to the insecticides differed among the strains. For example, the LC 50 values of the SD strain were significantly lower than those of the HN strain for all five insecticides and were also lower than those of the HB strain except in the case of cyantraniliprole. For thiamethoxam, the LC 50 values of the HN and HB strains were 11.6-and 7.61-fold greater, respectively, than that of the Lab-Q strain. Sensitivities of HN and HB strains did not significantly differ to cyantraniliprole, chlorantraniliprole, buprofezin, or pyriproxyfen. However, the HN strain was significantly less sensitive than the HB strain to thiamethoxam (Table 4) .
Adults. Adults from the four field strains did not exhibit resistance to avermectin (Table 5 ; Fig. 4 ). All LC 50 values were <0.2 mg/liter, and the ratio of LC 50 values of the field strains to the Lab-Q strain was about 1. In the case of acetamiprid, however, the LC 50 values of the HN and HB strains were 14.8-and 19.0-fold greater, respectively, than that of the Lab-Q strain (Table 5) . 
Discussion
Differences in Sensitivity to Insecticides Between B. tabaci B and Q. As noted earlier, previous research has documented that B. tabaci Q has been displacing non-Q whiteflies in many regions of China including Shanxi, Henan, Hubei, Jiangsu, Zhejiang, Hunan, and Hainan provinces (Teng et al. 2010) . Chu et al. (2010a,b) reported that the ratio of numbers of B. tabaci Q to numbers of B. tabaci B has been increasing and that Q is displacing B on cotton, eggplant, and other plants in Shandong Province of China. Recently, Hu et al. (2011) found that B. tabaci Q was the dominant species in the Yangtze River Valley and eastern coastal areas, and Pan et al. (2011) revealed that Q represented 100.0% of 44 populations from 14 agricultural areas in China. Displacement among insects is generally a complex process that may be mediated by many intrinsic and environmental factors such as host plant, climate, and application of insecticides (Reitz and Trumble 2002) . Some assessments of insecticide resistance of B. tabaci B and Q showed that Q is significantly more resistant than B to nearly all commonly used insecticides. For example, the resistance of the Q population collected from Yunnan Province was 450-fold greater to imidacloprid and 300-fold greater to thiamethoxam compared with the resistance of B . Specimens collected from Xinjiang, Beijing, Zhejiang, Jiangsu, and Hubei provinces indicated that B. tabaci B strains remained largely sensitive, whereas Q strains were resistant to acetamiprid, imidacloprid, and thiamethoxam (Luo et al. 2010 ). Rao et al. (2012) reported that the four B. tabaci Q strains from China that were studied were moderately or strongly resistant to three of four neonicotinoid insecticides tested, whereas the one B strain that was studied was sensitive to all four insecticides (Rao et al. 2012) . But previous research of the greater resistance of Q versus B seems to mainly focus on adults rather than on eggs and larvae. In our assays with laboratory strains of B and Q, Q adults were less sensitive than B adults to six of seven insecticides (both strains were highly sensitive to the seventh insecticide, avermectin). Meanwhile, our assays with laboratory strains also revealed that Q eggs and larvae were less sensitive than B eggs and larvae to all seven insecticides. Given the heavy use of pesticides for whitefly control, it would appear that this difference in sensitivity to insecticides may have contributed to the displacement of B by Q in many locations in China.
Sensitivity of Eggs, Larvae, and Adults of Four Field Strains of B. tabaci Q to Selected Insecticides. As noted earlier, the management of B. tabaci in China has mainly relied on chemical insecticides, and owing to excessive application, B. tabaci has developed high resistance to commonly used insecticides; this is especially true for adults and neonicotinoid insecticides (Luo et al. 2010 . At the same time, B. tabaci Q has displaced B as the predominant B. tabaci in China (Hu et al. 2011 . One of the aims of this study was to evaluate new insecticides and to include eggs and larvae, which are not generally included in tests for insecticide sensitivity in China. Our data indicate that cyantraniliprole and pyriproxyfen should be effective for control of eggs and larvae of B. tabaci Q. Cyantraniliprole, which is an anthranilic diamide that binds to ryanodine receptors (Jeanguenat 2013) , was introduced into China in 2013 but has not yet been registered for the control of whiteflies in China. Based on B. tabaci collected from southern Florida and Arizona in 2008 and 2009, anthranilic diamides are highly effective against eggs and larvae and exhibit no cross-resistance with neonicotinoids or pyriproxyfen , Caballero et al. 2013 . In other studies of novel insecticides, cyantraniliprole was effective against whitefly eggs and larvae and also against aphids and thrips (Jacobson and Kennedy 2011 , Foster et al. 2012 , Caballero et al. 2013 . Pyriproxyfen can suppress hatching of B. tabaci eggs and cause larval mortality Horowitz 1995, Lee et al. 2002) , but its effectiveness has been compromised in some areas of Israel and Arizona by the buildup of resistance after 8 yr of application (Horowitz et al. 1999 (Horowitz et al. , 2002 (Horowitz et al. , 2003 . Pyriproxyfen was registered for use in 2008 (pesticide registration database in China) in China, where no evidence of pyriproxyfen resistance in whiteflies has yet to be reported. When tested against the four field strains of Q in this study, pyriproxyfen was as toxic as cyantraniliprole to eggs but was slightly less toxic to larvae. Based on the above results, cyantraniliprole followed by pyriproxyfen appear to be the best choices for controlling eggs/larvae but care must be taken to avoid selecting for resistance.
In this study, the B. tabaci Q adults collected from four field locations exhibited relatively high resistance to the neonicotinoid insecticide acetamiprid. This is consistent with reports of field trials with other neonicotinoid insecticides. For example, Ma et al. (2007) reported that B. tabaci Q adults collected from the Xinjiang Uygur autonomous region from 2003 to 2005 showed low to moderate resistance to imidacloprid. Wang et al. (2010) reported that B. tabaci Q adults collected from southeastern of China from 2008 to 2009 had moderate to high resistance to imidacloprid and thiamethoxam. The resistance of B. tabaci Q to neonicotinoids has reduced the ability of farmers to control this pest. Although mixtures of neonicotinoids and IGRs were recently found to be effective against B. tabaci, these mixtures may not be suitable for long-term management (Basit et al. 2013a,b) . It follows that an insecticide specific to whitefly adults is needed. In this study, avermectin was highly toxic to adults of laboratory and field strains, a finding that is consistent with some previous field data (Luo et al. 2010 . It, therefore, seems possible that avermectin could replace neonicotinoid insecticides for the management of whitefly adults.
Except in the case of avermectin against adults and cyantraniliprole against larvae, the field strains HN and HB were less sensitive than the other two field strains (BJ and SD) to the tested insecticides. In the locations where HN and HB were collected, an alternating application of avermectin and cyantraniliprole should be tried.
In summary, cyantraniliprole, pyriproxyfen, and avermectin could be useful insecticides for whitefly management in China. The novel insecticide cyantraniliprole seems especially promising. All three insecticides warrant further investigation in the field.
